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Abstract
Arguably, the best chance to produce a IR-optical-UV-EUV mirror for a future
space observatory is a multilayer mirror coated by a thin bare aluminum layer.
Using an Al layer presents challenges that have to be overcome first. Al oxidizes
rapidly as soon as it comes in contact with the atmosphere. One solution is to block
the oxidation of Al by covering the mirror with a protective layer and remove it
once the mirror is in space. freshly, deposited a-Si would be a good candidate for
protecting the mirror. Removing it in space also presents some challenges. The
best way to remove such layer is by a dry chemical process, such process has not
been researched before. Theoretically, it will remove the a-Si and use Al as an etch
stopping barrier that will not get roughened by the process.
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INTRODUCTION

The best IR-optical-UV-EUV broadband mirror for a space observatory will be an EUV
multilayer mirror coated by a very thin bare aluminum layer. Thin aluminum films
are largely transparent between 15 and 70 eV . An EUV mirror under the aluminum
could make EUV bands such as 30.4 nm available for space-based astrophysics without
sacrificing mirror IR, visible and UV reflectance [1]. Unfortunately Al oxidizes rapidly
when it is exposed to the atmosphere reducing the reflectance of the bare Al thin layer.
To overcome this challenge, the Al layer was covered with a-Si to observe if it can act as
a protective layer. Attempts to remove the a-Si using dry chemical process, with a lowmass plasma to not roughen the Al under-layer and conserve the maximum reflectance
a bare Al EUV can provide, were made.
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BACKGROUND

Why aluminum? In order to get the best IR-optical-UV-EUV broadband mirror, it must
be coated with a pure element since alloying decreases reflectance. Also, the metal must
have a high number density of free electrons since light below the plasma frequency is
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reflected. Above plasma frequency the external field oscillates too fast for electrons to
follow thus, metals lose reflectance. The plasma frequency ωp is given by
ωp2 =

ne e2
m ∗ 0

(1)

where ne is the number density of free electrons, e is the charge of an electron, m∗ is
the effective mass of an electron and, 0 is the permittivity of free space. Thus, the
material with the highest ne will have the highest plasma frequency. Al has one of the
highest number density of free electrons giving it one of the highest plasma frequencies.
This allows Al to reflect light in the UV. Bare, first-surface aluminum can theoretically
provide more than 85% reflectance up to 14 eV (less than 89 nm) and more than 90%
over 0-14 eV range [1]. See fig 1.

Figure 1: Computed normal-incidence relfectance of a bare Al thin film on SiC substrate.
There are other elements that also reflect light in the EUV. However, Al is the
most viable material. Al can be deposited on room-temperature substrates by thermal
evaporation in most high-vacuum evaporators. Its thickness can be controlled by quartz
crystal monitors with a shutter or by heating a known mass of Al wire so that the entire
Al ”charge” is evaporated. Al thin films also adhere well to silicon coated with SiO2 or
Si3 N4 substrates. Unfortunately, Al presents a major challenge. It oxidizes as soon as it
is exposed to the atmosphere. The reflectivity of Al is affected by oxidization, see figure
2. Thus, if we want to use an EUV Al mirror for future space observatories we have to
protect the bare Al from oxidizing.

Figure 2: Theoretical reflectance of Al with oxidation layers of different thicknesses

One way to prevent Al from oxidizing is covering the thin film mirror with a protective
layer. Such protective layer can be later on removed once the space observatory is in
orbit. There are different ways of removing the barrier layer protecting the thin Al
film from oxidizing. For example, dry chemical processing, physical processing, and
mechanical coating removal. The focus on this research paper is dry chemical processing.
A strong candidate to be used as the protective layer is a-Si. The structure of a-Si should
prevent oxygen from reacting with the Al layer. It can easily be deposited onto the Al
layer using chemical evaporation. More importantly, It is sufficiently volatile and nonreactive. Dry etching with a low-mass, low-energy plasma will remove the a-Si protective
layer. Furthermore, this process will not roughen the Al layer although it will act as a
stopping layer for the etching. Theoretically a plasma made with H2 gas will be enough
to react with the a-si protective layer without roughening the Al base layer. H2 will
react with a-Si to form silane gas which is non-reactive and has a high vapor pressure,
which will make it disappear without damaging the EUV mirror or the observatory’s
components.
Al EUV mirrors are of high importance. The creation of broadband aluminum +
EUV mirror options could support astrophysics of energetic sources, solar-system science
and aspects of exoplanet characterization [1]. Such mirrors can be implemented in the
LUVOIR (large, UV-optical-IR telescope), which is a potential NASA flagship spacebased observatory that will be launched in the 2020’s - 2030’s. The importance of this
research not only regards with EUV mirrors. However, a new technique to etch surfaces
with low-mass plasmas is also going to be explored. This method, if successful, will be
greatly used on future projects with protective layers since one of the issues with other
techniques is not that they can not remove the layer but they roughen the stopping
barrier, in this case Al.
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OBJECTIVE

Utilized Si3 N4 substrates to deposit thin layers of Al and a-Si by chemical evaporation
and understood the oxidization of Al and a-Si. After, the samples were characterized
to determine whether the a-Si protective layer prevents the Al from oxidizing by using
spectroscopic ellipsometry. Lastly, it was determined whether dry etching can remove
the a-Si layer without roughening the Al barrier. The roughness of Al was examined by
using Atomic Force Microscopy (AFM).

3.1

Oxidization of Aluminum

Understanding how Al oxidizes is essential to this project. The magnitudes of the
changes in oxidization are important to determine whether the a-Si protective layer
blocks the oxidization partially or completely. For example, if experimentally it is found
that the Al sample oxidizes by 1-2 nm in a week and the Al being protected by a-Si
oxidizes by less than 1 nm in a week, then, the a-Si is partially preventing the oxidization
of Al.

3.2

Oxidization of a-Si

Understanding how a-Si oxidizes over time helped to create better models to characterize
the a-Si on Al on Si3 N4 samples using ellipsometry. The best model for a-Si oxidization

was added two more layers, Al and Al2 O3 eventually. On models for such samples there
were from 5-8 layers whose thicknesses have to be optimized. It was difficult to find the
best model for such samples since there are too many parameters to be optimized. If
the best model for the oxidization of a-Si by itself is known, then the characterization
of the more complex samples can be more simple and regarded as physical by adding
the two layers, Al and Al2 O3 , that it would be missing. Also, the roughness of the
a-Si layer was analyzed. It was taken into consideration that the roughness can change
over a period of time. Understanding how a-Si oxidizes helped knowing if an effective
medium approximation layer (EMA) better describes how a-Si behaves, or if SiO2 and
SiO have a clear distinction between layers. See fig 3. Furthermore, it was useful to
know whether a-Si creates compounds such as SiO, SiO2 or both when oxidized.

Figure 3: Two different possible a-Si oxidation combination of layers

3.3

a-Si as a protective layer

One important objective of this research is understanding whether a-Si can serve as a
protective layer for EUV Al mirrors. The structure of a-Si should be able to block any
oxygen from coming into contact with the Al layer. a-Si was sufficiently transparent to
use spectroscopic ellipsometry to characterize the sample and examine whether there is
any Al2 O3 being formed under the a-Si protective layer. It will also be important to
know what thickness of a-Si is sufficient to protect the Al in case it partially blocks it
or if the oxidization of a-Si has any repercussions on the Al thin layer.

3.4

Dry chemical processing

The other important objective of this research was to examine whether the a-Si protective layer can be removed by dry etching. Finding the exact conditions under which the
a-Si can be removed will be crucial. Furthermore, we are going to examine if the process
roughens the Al layer using AFM. Larruquert and Keska-Kuha, in 2008 investigated the
use of inert-gas ion beams to sputter clean an aluminum oxide-coated aluminum surface
[2]. They noted that the process roughened the surface. However, the purpose of using
hydrogen, which has low mass, is to create a low-energy plasma. Theoretically, such
plasma will not roughen the stopping barrier, in this case Al.
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METHODOLOGY

The Al and a-Si layers were deposited using chemical evaporation. A chemical evaporator, Denton (model DV-502 A), with two independent, resistance-heated evaporation
sources was used in this process. The evaporator also had a rotating sample stage, an
Inficon quartz-crystal thickness monitor and a shutter activated by the thickness monitor. A tungsten boat was used to evaporate a-Si and a tungsten coil to evaporate Al.
The amount of Al or Si evaporated was never measured, although it was always believed
to be a reasonable amount after the first few evaporation trials. The rate of evaporation
desired for Al and a-Si was between 10-40 Å/sec and 10-20 Å/sec respectively. This rates
were important to form as little oxidization as possible on any of the layers while being
deposited. The shutter was opened once the evaporation rate desired was achieved.
The pressure before the evaporation process began was in the range of 1.5 × 10−6 torr.
The usual thickness of Al and a-Si were from 10-20 nm and 5-15 nm respectively. On
samples containing a-Si on top of Al, the a-Si was deposited immediately after the Al
evaporation process was complete without breaking vacuum. Final pressures were in the
range of 1 × 10−4 torr. Final pressures were higher since the water inside the walls of
the chamber was evaporated by the increase in temperature from the heated W wire and
boat. Deposition by sputtering was also performed, however, Al oxidized in the process.
There wasn’t enough Al atoms being extracted from the target by the argon plasma to
be deposited on the substrate fast enough without being oxidized by the oxygen atoms
in the chamber. The chemical evaporation process allowed to have a faster deposition
rate, thus, minimizing the amount of Al2 O3 being deposited onto the substrate.
The samples were usually measured within a few hours of being made using spectroscopic ellipsometry. Ellipsometry measures changes in light polarization to determine
the sample materials properties of interest, such as film thickness and optical constants
[3]. It essential to characterize the composition of the samples. Since it helps to determine film thicknesses, it can detect the growth of oxide under barrier layers at the
angstrom level if the sample is measured over a period of time. Thin layers of amorphous
silicon should be sufficiently transparent to see with ellipsometry if it is preventing the Al
from oxidizing. The John A. Woollam M2000 variable-angle ellipsometer and W-VASE
software were used throughout this research for film characterization. The software
displayed the measured data and allowed the user to create models to fit that data.
The fits resulted in optimized parameters, usually layer thicknesses or oscillators, that
determined the different layer thicknesses of the samples. The software had predetermined default Al and a-Si layers, which were used in the models. However, the software
also allows to change the values of the optical constants of such layers, by changing
the layer’s oscillators, to get a model that better fits the measured data. The software
also gives a quantitative value for how well the model fits the measured data, mean
squared error (MSE). The software can give a small MSE but often yield unphysical
results. Thus, other methods such as AFM and electron beam microscopy were used
to constrain some of the parameters, such as roughness and layer composition, in the
models and get physical results. A Veeco Dimention V scanning probe microscope was
used to take the sample data and Gwyddion software to analyze it and determine the
roughness of the samples at any given time.
Si3 N4 on Si substrates were preferably used to deposit the a-Si and Al layers. The
thickness of Si3 N4 was in the range of 100-500 nm. Si3 N4 on Si substrates were used
rather than SiO2 on Si since models where such substrates were used were harder to fit as
energy increased. Also, a-Si plausibly oxidized to form SiO2 and the interchange between
the top SiO2 oxidation layer and the SiO2 substrate layer was likely to occur. Every

evaporation was performed simultaneously on two different thicknesses of Si3 N4 with
the purpose of having two different samples with relatively the same layer thicknesses.
Thus, if a model fit the data well for one sample, it should be able to fit as well for
the other sample with only changing the Si3 N4 layer thickness. The actual thickness of
the Si3 N4 layer for each sample was determined separately. First, a 100 nm sample was
measured on the uncoated part left for solely this purpose. Using a simple model where
the only optimized layer was the Si3 N4 layer, the thickness was optimized first and then
its optical constants, which did not change much from the default. The layer with the
new optical constants was saved and used on other 100 nm samples. The same procedure
was conducted for the 400 nm samples. Each sample presented in this research paper
was measured at least ten times periodically in an interval of 2-3 weeks.
Chemical vapor removal was used to remove the a-Si layer. Inside a sputtering system, using a tungsten target a low-energy, low-mass plasma was created using Hydrogen
gas instead of the usual Argon gas. This was done under vacuum. The low-energy ionized hydrogen will theoretically react with the a-Si protecting the Al. An a-Si on Al on
Si substrate was solely made for this purpose. The sample was evaporated on a 4-inch Si
substrate. On this evaporation process the high-vacuum gauge was not accurate. When
liquid nitrogen was added to the system, the gauge fluctuated and it never reach the base
pressure desired. The pressure read 1.0 × 10−5 torr when the process was initialized.
The evaporation rate for Al and a-Si was 8-12 Å/sec and 10-13 Å/sec respectively. The
pressure when the process was finalized was 9.0 × 10−4 torr. The sample came out looking as expected with a yellow color. Then, the sample was measured using ellipsometry
and immediately placed on top of a 4-inch W target inside a sputtering system. Once
the system reached 9.8 × 10−3 torr on the ion gauge and 7.1 e−2 torr on the thermocouple gauge with a H2 flow, a plasma was created. It must be noted that these pressures
are not accurate since there was a H2 flow in the system. The plasma was on for 30
seconds. It never stabilized and before shutting it off the Voltage and current were 268
V and .57 A respectively. Before the system was vented with Argon, the ion gauge and
thermocouple gauge pressure were 1.3 × 10−4 torr and less than 1.0 × 10−3 respectively.
The sample was taken out and immediately measured again using ellipsometry.
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RESULTS

The results of this project rely on the linearity of the thickness vs. base log of time
in hours graphs of three different samples. Al on Si3 N4 samples served to analyze the
oxidation of Al without a protective layer. a-Si on Si3 N4 samples served to analyze and
create a model for the oxidation of a-Si by itself. a-Si on Al on Si3 N4 samples where used
to analyze a-Si as a protective layer. Finally, a 4-inch a-Si on Al on Si served to test the
dry etching process as previously mentioned. All of the following samples are believed
to support or disprove its own purpose. A MSE ¡15 was believed to be an accepted
MSE in such models. The Si3 N4 thickness for each individual sample was determined
by optimizing the layer thickness once the ten different data sets were under the same
model. Once the layers where optimized the average thickness was calculated and the
layers were fixed at that value.

5.1

Oxidization of Al

Figure 4 shows that Al oxidizes about 1 nm in a period of 405 hours. The linear
relationship for thickness vs the base log of time shows a good linear fit with a R2 value

Figure 4: Al and Al2 O3 thickness vs the base log of time in hours. Al deposited on
Si3 N4 with a thickness of about 100 nm
of 0.9879. On the other hand, Al doesn’t show the same linear relationship. However, it
decreases over time supporting the general chemical formula Al + O2 −−→ Al2 O3 . The
Al and Al2 O3 graphs for the 400 nm sample evaporated simultaneously is equivalent to
the previous sample on 100 nm, as shown in figure 5.

Figure 5: Al and Al2 O3 thickness vs the base log of time in hours. Al deposited on
Si3 N4 with a thickness of 400 nm
One noticeable feature on the Al graph is that it shows a better linear fit with an R2
value of 0.8787. The roughness on these two models was fixed to 1 nm. The roughness
for the Al samples on 100 nm and 400 nm Si3 N4 were 1.6 and 1.2 respectively after 380
hours of deposition using AFM. It was plausible that the roughness increased overtime,
thus the roughness was allowed to be optimized. Letting WVASE optimize the roughness
did not produce better results as seen in figure 6. The R2 value for Al and Al2 O3 is
less than 0.5. Roughness increases and shows a good linear fit. However, the roughness
of the sample on the model where it is optimized does not agree with the roughness
obtained from AFM after 380 hours. Thus, we disregarded such model and fixed the
thickness to 1 nm. The MSE for the 100 nm and 400 nm with the roughness fixed at 1
nm were 7.152 and 13.180 respectively.

5.2

Oxidization of a-Si

After trying multiple plausible compositions of the sample, the model that produced one
of the lowest MSE and determined as physical was the model shown in figure 7. Below
the roughness the model has a SiO2 layer followed by an EMA layer. The EMA layer is

Figure 6: Al, Al2 O3 , and roughness thicknesses vs the base log of time in hours. Al
deposited on Si3 N4 with a thickness of 100 nm. Data obtained from model in which
roughness was optimized.

Figure 7: Best model for the oxidization of a-Si. Model based on a-Si evaporated on a
Si3 N4 100 nm substrate
composed of a-Si and SiO. Such model suggests that a combination of a-Si and SiO is
evaporated at the time of deposition and there is no clear distinction between the two
materials. The layer was composed of 57% and 43% on average. Below the EMA is an
a-Si layer which was fixed at zero at all times. This was done in order to simplify the
model as much as possible and have one less parameter to optimize. The layer was not
removed from the model since it was coupled with the a-Si material in the EMA layer
in order to be able to change the optical constants of the a-Si material. The following
layer is Si3 N4 , whose thickness is determined as explained earlier. The following three
layers are materials that the substrate is assumed to have. The model used produced
the following results as shown in figure 8
Although non of these graphs have a good linear fit, they all show what you would
expect if a-Si oxidizes. The a-Si thickness decreases while the EMA, SiO, and SiO2
thicknesses increase over time. When roughness was allowed to vary for this sample,
roughness at all times was zero and it was interchanged with the SiO2 thickness. The

Figure 8: SiO2 , EMA, a-Si, and SiO thickness vs base log of time in hours. Oxidation
of a-Si on Si3 N4 100 nm.
roughness was finally fixed at 1.6 nm which was obtained from the AFM. The same
sample on 400 nm of Si3 N4 gave the same general results with the only difference that
the R2 values of all graphs were lower. The MSE for the 100 nm and 400 nm models
are 11.520 and 19.000 respectively.

5.3

a-Si as a protective layer

The model to fit the data for this sample was the same model as for the a-Si on Si3 N4
with the exception that an Al and Al2 O3 layer were added in between the a-Si and Si3 N4
layer as shown in figure 9.

Figure 9: a-Si on Al on Si3 N4 model used to fit the respective measured data.
The results obtained from the model are shown in figure 10. The results obtained for
the oxidization of a-Si on this sample are more conclusive. The R2 values for SiO2 , SiO,
a-Si, and the EMA layers are noticeably closer to 1. The results produce better linear
fits on all the layers. The graphs also show the previous general trend for the oxidation

of a-Si. The graph for Al2 O3 thickness is missing due to the fact that the model always
made it zero. This is confirmed by the Al graph since the slope of the line is very close
to being zero, with a value of .0082 even though it has an R2 value of 0.0098. The
MSE for using this exact model on the 400 nm Si3 N4 sample was high, 56.08. However,
the model is believed to give physical data unlike other models in which the optical
constants where allowed to be optimized. In such case the MSE was 6.805. Also, in this
model, the last 4 sets of data wanted to have non-zero Al2 O3 . The magnitudes of this
layer did not increase overtime but it always remained under 0.400 nm. However, the
optical constants of a-Si have a big discrepancy to be considered as physical as you can
see in figure 11. Thus, the data given by the model that gave a higher MSE, with the
default layers, was taken as the most accurate data for this paper.

Figure 10: SiO2 , EMA, SiO, a-Si,and Al thickness vs base log of time in hours. oxidation
of a-Si and Al of a-Si on Al on Si3 N4 400 nm.

5.4

Dry chemical processing

Spectroscopic ellipsometry was unable to give us useful information for this process.
The models for the sample before dry etching would not work after the process. a-Si
and Al were evaporated on a 4-inch Si wafer. This wafer was used with the purpose
of covering the 4-inch W target inside the sputtering system. This sample was placed
directly on top of the 4-inch W target. This was done so that the ionized H would
collide with the sample rather than the W target. Immediately after taking the sample
out of the sputtering system, it was measured again using ellipsometry. The model that
was previously used to analyze the sample before the dry etching, did not longer work.
The model produced unphysical results. It wanted to make the Al layer 1 mm thick

Figure 11: a-si optical constants when allowed to be optimized.
as seen in figure 12. The Al layer is known to be less than 20 nm. Even though the
model was making the Al layer unreasonably large, it could not make the model fit to
the measured data. As discouraging as this was, there was a noticeable physical change
on the sample. A ring was formed on the sample, showing the Al underneath the a-Si
as show in figure 13. As the figure also shows, there are some noticeable dark spots on
the sample. These dark spots came with a ”dust” layer that can be seen in the image.
It is unknown where such ”dust” layer might have come from. However, it is probably
the reason why the first model did not longer work when it tried to fit the measured
data after the process. Although, it is clear that ring was formed by the H2 plasma, it
is uncertain if the process roughened the Al surface.

Figure 12: a-Si on Al on Si model. Graph of measured data (green) and model fit (red).

Figure 13: 4-inch a-Si on Al on Si substrate after undergoing dry chemical process.
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CONCLUSIONS

The graphs showed better linear fits when the roughness of the sample was fixed at 1
nm. Even though it’s possible for the roughness of a sample to increase as oxidation
increases, the data when the roughness is fixed is more believable. Al2 O3 increases by
1 nm in a period of 405 hours. The oxidation of a-Si is better modeled by a top layer
of SiO2 and a EMA layer containing a-Si and SiO. The EMA,SiO2 , and SiO thickness
increase over time and a-Si decreases as expected. This can be better seen on samples
with Al as an under-layer. It’s important to point out that a-Si was able to block the
oxidization of Al since the model always kept Al2 O3 thickness at zero. When the optical
constants of a-Si and Al were allowed to be optimized, the fit gave about .4 nm of AL2 O3
on the last 4 data sets. However, it was always zero during the first 3-4 days. If the
optical constants of a-Si were taken to be plausible, this would mean that a-Si partially
acts as a protective layer. The time that a-Si blocks the oxidization of Al would most
likely depend on the thickness of the a-Si layer. Another very important finding is that
the H2 plasma was able to remove the a-Si protective layer. Theoretically, silane gas
was created and it disappear without damaging the mirror. There was a ”dust” layer on
top of the sample after the dry etching that is from unknown precedent, which is most
likely the reason why the model could not fit the measured data after the process.
It is suggested that the results from this research need to be followed. Better models
and understanding of the oxidation of a-Si is essential to this research. Although the fact
that the current model wants to have zero Al2 O3 at all times is very encouraging, the
MSE was high for this data to be taken as conclusive. It is obvious from figure 13 that
dry chemical process can remove the a-Si layer. A better set up needs to be implemented
so the a-Si is removed uniformly throughout the sample. A better understanding of the
”dust” layer is also needed in other to prevent it from happening. It is unknown if the
Al layer was roughened, thus further experimentation is needed.
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